Abstract. The testing of novel biomaterials for percutaneous vertebroplasty depends on suitable animal models. The aim of this study was to develop ex vivo a reproducible and feasible model of percutaneous vertebroplasty for ulterior application in vivo. A large animal model was used (Merino sheep) due to its translational properties. Vertebroplasty was performed under tactile and fluoroscopic control through a bilateral modified parapedicular access in lumbar vertebrae. Care was taken in order to avoid disruption of the vertebral foramen. The average defect volume was 1234±240 mm 3 which ensures practical defects to test novel injectable biomaterials. Six vertebrae were injected with a commercial cement (Cerament®, Bone Support, Sweden) and adequate defect filling was observed in all vertebrae. All vertebrae were assessed by microCT, prior to and post defect creation, and after biomaterial injection. All vertebrae were mechanical tested and no mechanical failure was observed under loads higher than the physiological ones. Ultimately, this model is considered suitable for pre-clinical in vivo studies, mimicking clinical application.
Introduction. Percutaneous vertebroplasty (PVP) and kyphoplasty (KP) are minimally invasive techniques used for effective vertebral augmentation in humans when conservative treatment for vertebral compression fractures is not possible and/ or sufficient. Their purpose is to augment and stabilize the defective vertebral body by injecting percutaneously a material that will fill the bone defect. This will allow to achieve immediate pain relief and function [1] [2] [3] . In PVP small entry points for needle placement are made through the soft tissues (skin and muscles) to access the vertebrae, under fluoroscopic guidance, as an alternative to the conventional "open" approach techniques wherein an incision along the soft tissues is made. To test biomaterials for PVP, the availability of a feasible animal model close to the human conditions is vital. Sheep is considered a suitable model for biomedical research due to its availability, low animal cost, easy handling and housing, and good homogeneity, when selected for age, breed, and sex [4] . Moreover, due to its anatomical similarities when compared to human bones, regarding weight, size, bone structure, bone remodelling process and biomechanical behaviour [7] [8] [9] , it is also considered a good model for orthopaedic research, as these enables the use of the same prosthetic devices [4, 8] .
Up to date a small number of PVP studies were performed in animals, as most of the procedures were executed under "open" techniques wherein an incision through the skin and muscles is made; for example, Zhu et al. (2011) developed a sheep vertebral model with bone defect through a lateral open approach with different diameter drills; the vertebral model bone defect was replicable and effective for assessing injectable biomaterials [8] . Regarding minimal invasive techniques, a recent study by Benneker et al. (2012) , using PVP advocated that the transition between the transverse process and the pedicle is the ideal entry point, aiming towards the cranial-and caudal hemivertebra respectively, through a para-to transpedicular approach; however cement leakage into the vertebral foramen was observed in 19 of the 33 vertebrae studied [4] . Galovich et al. (2011) developed another sheep PVP model for biocements testing in which a lateral approach to the vertebral body was performed; nevertheless created bone defects were small, thus this model wasn't considered suitable for biomechanical analysis of biocements [5] . Considering the limitations of the models described so far, not safe enough for the animal and bone defect volume too small to allow a satisfactory product assessment, this study aimed at developing ex vivo a reproducible and feasible model of percutaneous vertebroplasty, for ulterior application in vivo. A large animal model was used (Merino sheep), due to its translational properties [7, 8] , and important features were taken into account. Although considered a suitable model, differences between sheep and human vertebrae exist, such as the hourglass-shape of vertebral bodies, the sagitally oriented pedicles, the size of the transverse processes, the different orientation of the facet joints, and ultimately the hard cortical bone and high bone mineral density of sheep lumbar vertebrae [9] , which make surgical approach complex and somewhat different of that advocated for humans [4] . Thus, bilateral modified parapedicular approach was developed to create two interconnected defects in the cranial hemivertebrae, with average defect volumes sufficient to ensure practical defects in which novel injectable biomaterials may be tested, concerning both their biological and biomechanical responses. For this study a commercial biphasic cement (Cerament®, Bone Support, Sweden), 60% calcium sulphate: 40% hydroxyapatite, was chosen for its known qualities as a bone substitute [10] and microCT was used to allow easily visualization of: vertebrae distinctive anatomic features; vertebral body defects; and bone cement. The following parameters were evaluated: (1) vertebral body height (VBH), (2) bone mineral density (BMD), (3) volume of interest of each bone defect (VOI) and (4) vertebrae stiffness. Cortical disruption, injected cement volume, bone cement radiopacity, and cement leakage (into the vertebral foramen/ nutritional foramen) were also assessed.
Experimental. Eighteen vertebral segments (L4-L6) were excised from 6 skeletally mature Merino sheep and divided into 3 groups: group A (n=6) -intact vertebrae; group B (n=6) -vertebrae with defect; group C (n=6) -vertebrae injected with cement. Soft tissue was detached; spinous and transverse processes were removed using a bone saw, in order to fit into the microCT chamber. Vertebrae were conserved in the freeze at -18ºC. All vertebrae underwent microCT scanning when intact. MicroCT examination was done using a CT scanner (Skyscan 1174, Kontich, Belgium). The vertebrae were posed in air in a rotation stage fixed by commercial play-dough, with their longitudinal axis matching the system rotational axis. Scans were performed with 50 kVp, 800 µA, 1 mm aluminium filter, the pixel size was 62.08, exposure time 2200 ms, rotation step 0.8º, full rotation over 360º, 2 average frames per image. Each vertebra went through two consecutive automated scans (oversize scan), over approximately 110 min, to assure the imaging of the whole vertebral body, comprising 906 cross-sections. The crosssection images were reconstructed using N-Recon software (Skyscan, Kontich, Belgium). The following parameters were evaluated in the analyzing software (CTAn, Skyscan, Kontich, Belgium): vertebral body height (VBH), endplates area and trabecular bone mineral density (BMD). Uniform threshold method was applied. After scanning the intact vertebrae, vertebral body defects were made in groups B and C. All defects were created under tactile control and fluoroscopic guidance (Digital C-Arm ZEN 2090 Pro, Genoray, Co., Ltd., Korea). Vertebrae were fixed in a radiolucent table in supine position and two Vertebral body defects were made bilaterally in each cranial hemivertebra, through a parapedicular approach. For this purpose, an osteo introducer system (Medtronic Spine LLC, Portugal) was used. The access was made between the pedicles and transverse processes of each vertebra. Thus a 3.5 mm-blunt osteo introducer stylet inside a 4 mm-cannula was positioned to manually access the dorsolateral cortex of the vertebral bodies. Then the blunt osteo introducer stylet was removed and a 3.35 mmmanual drill was advanced inside the cannula, with an orientation of 30-50º regarding a transverse plane, and 0º-30º regarding the frontal plane, towards the centre of the cranial hemivertebra. Bone debris were removed from the defects. All vertebrae underwent scanning again under the same procedure described above. In CTAn a volume of interest (VOI) was defined for each bone defect and its area was calculated; it was also evaluated the disruption of cortical bone (ventral vertebral body's cortical bone and ventral vertebral foramen's cortical bone). Vertebrae were conserved at -18ºC.
In group B vertebrae the defects remained empty. Vertebrae with defect from group C were then injected with 60% calcium sulphate: 40% hydroxyapatite commercial cement (Cerament®, Bone Support, Sweden). For the vertebroplasty procedure all vertebrae were fixed in a radiolucent table and injected under fluoroscopic guidance. Biomaterial injection was performed using a bone filler system device (Medtronic Spine LLC, Portugal). Cerament® was prepared at room temperature accordingly to the manufacturer instructions. Regard was taken towards handleability, injectability and radiopacity. Cerament® is easy to handle, with 8-10 minutes setting time, good injectability and high radiopacity, conferred by an iodate positive contrast (iohexol), when comparing to the bone's radiopacity. All injected vertebrae underwent scanning again under the same procedure described for group A.
In CTAn a volume of interest was defined limiting the injected cement and the VOI area was calculated. Cement leakage to vertebral and nutritional foramina was also assessed. After vertebroplasty all vertebrae (including intact group) were mechanical tested under axial compression. In order to do so vertebrae were embedded in two parallel flat plates of polymethyl methacrylate resin (PMMA, Vertex Cold Cure), one for each top. The tests were conducted using a Shimadzu Autograph AG-50 kNG. The load was applied over a ventral point of the vertebral bodies relative to 25% of their heights with a crossing velocity of 2 mm/s for all vertebrae.
Results data from microCT analysis, i.e. vertebral body height, bone mineral density and volume of interest of each bone defect, and stiffness assessment, according to mechanical compression tests, from the three groups were treated using SPSS. One way ANOVA analysis was performed. Normality was verified using the Kolmogorov-Smirnov test, homogeneity of variance was verified with resource to Brown-Forsythe test and means compared using Tukey.
Results and Discussion.
Interconnected bone defects were created bilaterally in each cranial hemivertebra, through a modified parapedicular approach, with an access point placed between the pedicles and transverse processes of each vertebra (figure 1). Some limitations of the ovine model are anatomical differences between ovine and human vertebrae, such as the orientation angle of the lumbar facet joints and pedicles (less than 30° to the frontal plane, compared to over 60° in humans) and the relative short and sagitally oriented pedicles. In order to diminish the risk of pedicle's fracture and vertebral foramina's disruption verified in the transpedicular approach, a parapedicular approach was chosen.
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The transpedicular approach was used by Benneker and co-workers (2012), with a resulting cement leakage into the vertebral foramen in 19 of the 33 vertebrae studied. Moreover, transpedicular approach only permits a limited access angle, which would result in smaller and not connected defects.
The relatively high trabecular bone density and the hard cortical bone of ovine lumbar vertebrae were other of the difficulties verified on the defects creation. The wide lumbar vertebrae nutritional foramina were a surgical limitation (figure 2). Precaution must be taken to maintain vertebral and nutritional foramina intact so that neurologic complications, and ultimately death, do not occur. In L6 vertebrae, problems arose due to short vertebral bodies, leading to smaller defects, in order to prevent vertebral foramina disruption. The resulting interconnected bone defect is reproducible ( figure 3) ; minor cement leakage into the vertebral foramen was observed in 2 out of 6 vertebrae.
The mean total VBH (n=18) was 37.52 ± 1.83 mm; the mean total BMD (n=18) was 0.371 ± 0.039 gcm -3 ; and the mean total defect VOI (n=12) was 1234.51 ± 251.23 mm 3 . Individual group results are shown in table 1. MicroCT provided important information for the development and refinement of the surgical procedure, allowing adaptation to the distinctive anatomic characteristics of ovine vertebrae. Scans and 3D reconstructed images were useful to decide the entry point and to correct the angle orientation for the access to the vertebral body, allowing to perform defects without disrupting cortical bone and vertebral and nutritional foramina. MicroCT analysis also enabled to acknowledge that in 25% of the vertebrae a small disruption of the vertebral foramen occurred ( figure 4 ). This fact, followed by an eventual leakage, may decrease with further training. The usage of slightly smaller instrumentation, as the ones used for PVP of thoracic vertebrae, could also be beneficial.
The presence of iohexol in Cerament®'s constitution contributes to its high radiopacity which is convenient as it enables visualization of the cement whilst injected. However, iohexol also generates artefacts in the microCT images that prevent the correct evaluation of the injected cement in the bone defect, so as to calculate the volume of injected cement and to evaluate its possible leakage to the vertebral formanen. Artefacts were not eliminated due to Skyscan 1174's limitations (figure 5). Regarding mechanical compression tests, fracture and failure were observed in the PMMA plates but not on the vertebrae, so it was not possible to determine the compressive strength of vertebrae from any of the groups. However, vertebrae stiffness was determined for all groups. For one of the vertebrae of group A (intact vertebrae), it was not possible to recover the data, so for this group, results are presented for n=5 ( Figure 6 ). Two very important conclusions are drawn from these results: 1) all vertebrae withstood compressive loads much higher than the expected peak compressive loads under physiological conditions (reported as 1.3 kN); and 2) the developed model is reproducible and safe under much higher loads than the physiological ones. No statistical significant differences were found in stiffness of the different groups. This paper presents an ex vivo ovine model for PVP testing which allowed to evaluate some specific features of ovine vertebrae that will enable a much safer approach for the in vivo PVP procedure. The designed defect is innovative regarding both the parapedicular approach and the interconnected bone defects created bilaterally in each cranial hemivertebra, which allows a higher volume of cement to be injected with lower risk of cement leakage.
Conclusions. This experimental model developed ex vivo was reproducible, and safe under physiological loads. The model is considered to be suitable for pre-clinical in vivo studies, mimicking clinical applications. 
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